We presented in this paper a photoassisted ligand exchange approach whereby light will be introduced to facilitate the replacement of oleic acid (OA) ligand molecules over PbSe quantum dots (QDs). The ligand-exchanged QDs were used to fabricate quantum dot light-emitting-diodes (QD-LEDs), which outperform the devices comprising the QDs without ligand-replacement.
Introduction
Colloidal semiconductor quantum dots (QDs), by virtue of the large tunability in their bandgap, high luminance efficiency, narrow spectral emission, and high photostability, are promising lumophores and sensitizers in next-generation optoelectronic devices, such as light emitting diodes (LEDs) [1] , photo detectors [2] , and solar cells [3, 4] . However, the surface of the QDs is often capped with long-chain ligand molecules, which are electrically insulating and thus hinder the electronic applications of the QDs [5] . Ligand exchange with shorter and more conductive surfactant molecules is necessary for improved device performance (Our work (Nanotechnology) or D.Sargent's work). we reported in this communication the use of a photoassisted ligand exchange approach to facilitate the dot-to-dot electron transport, which results in a significant improvement in the output emission of QD-LEDs.
Experiment Details
PbSe QDs were synthesized following the noncoordinating solvent technique developed by Yu et al. [6] . The as prepared PbSe QDs, 4.5 nm in diameter and nearly monodisperse, were stabilized with a capping layer of oleate molecules coordinated to the Pb atoms ( Figure 1 ). Ligand exchange processing of the PbSe QDs was based on the method proposed by Won et al. [7] . 3 mL tert-butyl N-(2-mercaptoethyl)carbamate(t-BOC) and 15 mg/mL PbSe QDs in hexane solution (5 mL) were mixed in centrifuge tubes, and then vortexed overnight under nitrogen. Because the -S-R n in t-BOC has higher polarity than -O-CO-R n in oleic acid, the surface ligands of PbSe QDs will be replaced by t-BOC. Following ligand replacement, the QDs were washed twice with methanol using a centrifuge and then redispersed in chloroform. By this simple treatment the 18-carbon-chain oleate molecules overcoating the PbSe QDs were replaced with 4-carbon-chain 2-Mercaptoethylamine surfactants.
The design of the QD-LEDs was illustrated in Figure 2 . A multilayer structure was employed in the device fabrication, consisting of ITO/poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT/PSS) (25 nm)/hole transport layer (HTL) (45 nm)/2-Mercaptoethylamine capped PbSe QD (∼3 monolayers)/electron transport layer(ETL) (50 nm)/Al (150 nm). In the device, ITO/PEDOT/PSS was used as the anode. The HTL was solution-cast deposited from poly-(N,N -bis(4-butylphenyl)-N,N -bis(phenyl) benzidine) (poly-TPD) in chlorobenzene solution. The emissive layer of the device contains the mixture of ligandexchanged QDs and PAG (di-tert-butylphenyliodonium perfluorobutanesulfonate) that was spin deposited from the chloroform solution. Processing of the emissive layer also involves the consecutive UV exposure (265 nm, 5 mins) and annealing at 120
• C for an extended period. Tris (8-hydroxyquinoline) aluminum (Alq 3 ) was evaporated over the QD layer as the ETL, and the shadow mask-evaporated aluminum film was used as the cathode. The absorption spectra of the QD solution and films were recorded using a Perkin-Elmer Lambda 19 UV/VIS/NIR spectrometer. Photoluminescence (PL) spectra were measured by a CM110 Spectral-Products NIR spectrometer using a 980 nm diode laser module as the excitation source. The absorption and PL spectra were recorded at room temperature. The FTIR spectra of the QDs before and after ligand exchange were measured using a Bruker IFS 66/S FT-IR Spectrometer, A JEOL FasTEM-2010 transmission electron microscope (TEM) was used to image the crystal lattice of the QDs.
Result and Discussion

Surface Treatment of PbSe QDs.
The PbSe QDs were stabilized with a capping layer of oleate molecules coordinated to the Pb atoms [8] . The 18-carbon long-chain structure renders the oleate molecules insulating and hinders the dot-to-dot transport of the free carriers in the QDs. Figure 3 illustrates the principle of changing the oleate molecules to the ones of shorter molecular chains and better conductivity: after initial treatment of t-BOC, the oleic acid ligands overcoating the PbSe QDs were replaced by t-BOC. Figure 4 (a) displays the FTIR spectra before and after ligand exchange. Significant changes are clearly observed between the t-BOC-protected QDs and the oleic acid-capped QDs. Specifically, the vibrational peak of the carbonyl hydrogen bonds below 3000 cm −1 decrease drastically as the long carbon chain was replaced by shorter carbon chain. The absorption peak at 3350 cm −1 arises, which can be attributed to the -NH vibrations of t-BOC. Figure 4(b) shows the absorption spectra of the QD solution. There is a slight red shift after ligand exchange due to the enhanced Stark effect that was induced by the variation of the surface-polarization energy during ligand replacement [9] . The new ligand t-BOC was unstable. By reacting with the photochemically generated acid under UV irradiation, the chemical bond between -NH and -C=O cracked. Finally, the PbSe QDs were capped with 2-Mercaptoethylamine of a substantially reduced molecular chain length.
To measure the conductivity before and after ligand exchange, a gapped electrode structure was fabricated using fine gold filament as the shadow mask, as showed in Figure  5 (a); PbSe QDs was drop-cast on top of the electrode gap for the conduction measurement. Figure 5(b) compares the results of the conduction measurement for the samples with and without ligand exchange, showing that the conductivity of the ligand-exchanged PbSe QDs increased remarkably. This suggests that the ligand molecular length plays a key role for the carrier transport between the QDs under study.
PbSe QD-LED Characteristics.
The NIR electroluminescence (EL) spectrum of the QD-LED closely resembles the photoluminescence (PL) of the ligand exchanged QDs as showed in Figure 6 (a). It is noteworthy that the PL profile of the ligand-exchanged QDs exhibits a slight red shift from that of the as prepared PbSe QDs, which is consistent with the absorption spectra discussed previously.
For the sake of comparison, we have fabricated LED control samples using the PbSe QDs overcoated with oleate molecules. We did not observe any EL signal from the control samples. It is thus evident from our study that carrier transport across the QD surface was dramatically improved following the photoassisted ligand exchange process, which, in turn, leads to the enhanced injection and radiative recombination of electrons and holes in the nanoparticles. These experimental results proved that the ligand exchange method of the PbSe QDs strongly enhanced the injection and radiative recombination of electron and holes in the nanoparticle QDs in layered QD-LEDs. The accurate measurement of the QD-LED followed Steckel's method [10] , the power efficiency of this device is no better than 0.1% ( Figure  6(b) ), implying that 99.9% of the power was converted to heat, while a large portion of the heat will be lost to the surrounding air by conduction and conversion process.
Conclusion
A photoassisted ligand exchange approach was employed to replace the oleic acid ligand on the surface of the QDs. The length of the carbon chain was successfully decreased by the photochemical reaction. Consequently, carrier transport across the QD surface was significantly enhanced. The surface-treated QDs were used to fabricate thin-film QDLEDs, which results in improved LED performance over the untreated QD-LEDs.
